The neu/erbB2 protooncogene is overexpressed in numerous human cancers and is mutationally activated in N-ethyl-N-nitrosourea (ENU)-induced rodent tumors of the Schwann cell lineage. We investigated whether expression of activated neu in Schwann cells is sucient to initiate their immortalization and transformation. Clones of embryonic dorsal root ganglia cells infected with a retrovirus bearing activated neu (NID cells) were selected based on their expression of Schwann cellspeci®c markers. Compared to embryonic Schwann cells infected with a virus encoding empty vector, we found that NID cells have altered shapes and disorganized cytoskeletons, grow in the absence of growth factors required for normal Schwann cell survival and proliferation, and can be repeatedly passaged. Furthermore, NID cells are invasive in an in vitro matrix invasion assay and form metastatic tumors when injected into syngeneic animals. The neu-induced growth and invasive phenotypes could be reversed by drugs that inhibit Ras and Src activity. Interestingly, later stage Schwann cells infected with activated neu failed to become immortalized. These ®ndings indicate that constitutive activation of erbB2 is sucient to initiate the immortalization and transformation of immature Schwann cells, and support the notion that Schwann cells have particular developmental stages during which they are susceptible to immortalizing and transforming events.
Introduction
Tumor progression is believed to be a multi-step process, whereby cells acquire new functions as a result of mutations in particular genes (reviewed by Bishop, 1987; Weinberg, 1989; Vogelstein and Kinzler, 1993) . In in vitro models of tumor progression, one of these steps is cellular immortalization, in which cells gain unlimited growth potential, morphological changes and chromosome abnormalities (Namba et al., 1996; Newbold et al., 1993; McCormick and Maher, 1988) . Immortalized cells can then undergo neoplastic transformation following subsequent genetic alterations (reviewed by Rhim et al., 1990) .
The rat proto-oncogene neu and its human homologue erbB2 (also referred to as HER-2) encode a cell surface tyrosine kinase receptor (erbB2) whose expression is frequently elevated in human tumors of epithelial origin (reviewed in Stancovski et al., 1994; Dougall et al., 1994; Hynes and Stern, 1994; Tzahar and Yarden, 1998) . While erbB2 has no known ligands of its own, it becomes activated following heterodimerization with erbB1, erbB3, or erbB4, which bind members of the EGF family and neuregulins (Goldman et al., 1990; Wada et al., 1990; Pinkas-Kramarski et al., 1996; Tzahar et al., 1996; Graus-Porta et al., 1997) . In immortalized cell lines, erbB2 overexpression has potent transforming activity (Di Fiore et al., 1987; Hudziak et al., 1987; Di Marco et al., 1990) , likely due to its ability to cooperate with other erbB receptors.
Activating neu mutations occur with high frequency in chemically induced rodent tumors. In particular, immature cells of the rat Schwann cell lineage exposed transplacentally or at early neonatal stages to N-ethyl-N-nitrosourea (ENU) reproducibly have a speci®c activating transversion mutation at the transmembrane region of neu (Bargmann and Weinberg, 1988; Weiner et al., 1989; Nikitin et al., 1991) . Schwann cells are the major supportive cell population in the peripheral nervous system and ensheath all peripheral axons. Axon-derived neuregulins are required for Schwann cell survival and proliferation (Marchionni et al., 1993; Morrissey et al., 1995; Dong et al., 1995; Levi et al., 1995) and function in Schwann cells by way of erbB2-erbB3 heterodimers (Cohen et al., 1992; Jin et al., 1993; Carroll et al., 1997; Vartanian et al., 1997) . However, ENU-induced schwannoma cells survive and proliferate independent of neuregulins and form malignant tumors.
It is unclear from the ENU studies described above whether activating neu mutations are sucient for Schwann cell transformation. Indeed, Perantoni and co-workers (1987) demonstrated that ENU-induced schwannomas can also have N-ras mutations. However, expression of a wild-type neu transgene under the control of a Schwann cell-speci®c promoter reduces ENU-induced oncogenesis in vivo and suppresses the tumorigenic phenotype of homozygous mutant neu schwannoma cells in vitro (Nikitin et al., 1996) . It is therefore possible that while ENU can induce mutations in other oncogenes, activating mutations in neu are the single event required for the initiation of Schwann cell immortalization and transformation.
In the present study, we directly determined whether immature rat Schwann cells could undergo malignant transformation following retroviral introduction of activated neu. We found that rat embryo Schwann cells expressing activated neu did not establish normal interactions with axons from sensory neurons and grew in the absence of axon-derived growth factors. Furthermore, these cells demonstrated altered cytoskeletal organization, were immortalized and invasive in vitro, and formed slow-growing malignant tumors in syngeneic animals. These data indicate that activating neu mutations are sucient to initiate Schwann cell tumorigenesis, and suggest that activation of a single oncogene can result in both cellular immortalization and transformation.
Results

neu-infected Schwann cells have altered morphology and do not adhere to axons
To investigate whether overexpression of mutant erbB2 is sucient for Schwann cell immortalization and transformation, we infected dissociated rat E16 embryonic dorsal root ganglia (DRG) cultures (containing neurons, Schwann cells, and ®broblasts) with a retrovirus encoding activated neu. Twenty clones of G418-resistant neu-infected DRG (NID) cells and ®ve clones infected with vector alone were selected and assayed for expression of active erbB2 by Western blotting with an antibody speci®c for the phosphorylated form of erbB2. Three clones having similar levels of erbB2 activity were selected for further analysis and compared to vector controls ( Figure 1a ). These three clones and controls were each positive for Schwann cell markers S100 protein and the low anity nerve growth factor receptor (LNGFR) (Figure 1b ± e), con®rming that they were derived from the Schwann cell lineage.
In culture, normal Schwann cells demonstrate a spindle-shaped morphology and have a limited amount of well-organized F-actin (Figure 2a,b) . NID cells, however, had a more variable morphology and generally appeared¯attened and spread-out compared to normal Schwann cells, with numerous small ®lipodia and occasionally longer extensions (Figure 2c,d ). NID cells were also larger than normal Schwann cells and demonstrated numerous actin stress ®bers (Figure 2c, d) .
A characteristic feature of normal Schwann cells is that they selectively adhere to neurites in Schwann cell/ neuron co-cultures (Salzer et al., 1980; Kleitman et al., 1991) . To test whether NID cells similarly adhere to neurites, we cultured either normal rat Schwann cells or NID cells in the presence of puri®ed cultures of rat DRG neurons. As shown in Figure 2e ,f, whereas normal Schwann cells had aligned along fascicles of neurites in these cultures, NID cells adhered preferentially to the culture dish. These data indicate that neuinfected Schwann cells have lost the ability to form normal contacts with axons.
NID cells are immortalized and grow in the absence of added growth factors In vivo, normal Schwann cells require signals from axons for survival and for proliferation (Dong et al., 1995; Salzer et al., 1980; Grinspan et al., 1996) . Members of the neuregulin protein family, including glial growth factor (GGF), are among these signals, and can stimulate Schwann cell proliferation and survival in vitro (Marchionni et al., 1993; Morrissey et al., 1995; Dong et al., 1995; Levi et al., 1995) . Since erbB2 is phosphorylated in response to neuregulins, we tested whether NID cells, in which erbB2 is constitutively phosphorylated, grow continuously in the absence of added growth factors. After 24 h in serum and growth factor-free medium, NID cells and vector controls were cultured for an additional 24 h in the presence and absence of 10 ng/ml of rh-GGF2. Cells were pulsed with [ indicate that NID cells can grow in the absence of factors normally required for Schwann cell proliferation and survival, even though they can still respond to these factors.
We next determined if NID cells could be repeatedly passaged in the absence of GGF. We observed extensive cell death in E16 Schwann cell cultures grown in medium containing 10% fetal bovine serum by passage 3. NID clones, however, could be continually passaged under the same culture conditions without any signs of cell death (not shown). As shown in Figure 3 , one NID clone (NID clone 2) examined at passage 37 incorporated high levels of The ability of ENU to induce rat schwannomas depends on the developmental stage at which the cells are exposed. A variety of central and peripheral nervous system tumors, including schwannomas, will form in rats following transplacental or direct treatment with ENU between embryonic day 15 and early postnatal stages (Nikitin et al., 1991; Perantoni et al., 1987; Rajewsky et al., 1983; Schubert et al., 1974; Druckrey, 1973) . We tested the possibility that the capacity of activated erbB2 to immortalize and transform Schwann cells is similarly dependent on the developmental stage of the cells. We infected dissociated rat P3 dorsal root ganglia (DRG) with the activated neu retrovirus, then selected clones in the presence of G418 as described above. The resulting clones grew in the absence of rh-GGF2 (data not shown). However, unlike the infected embryonic Schwann cells, none of the 20 neonatal clones selected survived past passage six, and most died by passage four (Table 1) . These data are consistent with the notion that activated erbB2 is only sucient to initiate the transformation and immortalization of immature Schwann cells.
NID cells are invasive in vitro
A crucial step in the metastatic process is when tumor cells invade tissues and break away from their local microenvironment. We tested whether NID cells are invasive using a quantitative in vitro invasion assay (Hennigan et al., 1994; Lamb et al., 1997) . In this assay, a 90 mm thick, solidi®ed layer of growth factordepleted Matrigel is placed in the well of a transwell ®lter insert. Cells are plated on the bottom of the ®lter, which has 8 mm pores. Motile cells travel upwards through ®lter pores to the top of the ®lter. Noninvasive cells are impeded by the Matrigel at this point, while invasive cells penetrate and migrate into the Matrigel. Cells that are more invasive travel further into the Matrigel, as measured by laser confocal microscopy. The percentage of cells at a given optical slice is determined by dividing the number of cells at that level by the total number of cells in all optical slices counted in that microscopic ®eld of the transwell.
We compared the invasive potential of NID cells with vector-infected control Schwann cells and with the ENU-induced RT4-D6P2T rat schwannoma cell line (Tomozawa and Sueoka, 1978) . After 4 days, a large proportion of each type of cell had migrated across the ®lter (14.7+4% of Schwann cells; 23.3+4.8% of NID cells, see Figure 4a ,b,e; 27.7+2.7% of RT4-D6P2T cells; see Figure 4e ). However, unlike the vector control Schwann cells, the RT4-D6P2T and NID cells invaded deep into the Matrigel (Figure 4c ± e) . No normal Schwann cells were detected between 30 mm and 90 mm into the Matrigel. In contrast, 13.6+1.6% of NID cells and 24.9+2.5% of RT4-D6P2T cells were found at these deeper layers. Similar results were obtained in three separate experiments. These ®ndings indicate that both ENU-induced schwannomas and neu-infected Schwann cells are invasive.
NID cells are tumorigenic in syngeneic animals
To test whether NID cells are tumorigenic in vivo, male BDX rats were injected subcutaneously with 5610 5 NID (clone 2) cells. After a long latency period, tumors began to grow slowly at the site of injection. Twelve weeks after the injection, the average volume of the tumors was 1326+499 mm 3 (s.e.). After 16 weeks, two animals had opened their tumors and were sacri®ced. The average tumor volume of the remaining six animals was 5227+2137 mm 3 (s.e.). Four additional animals eventually opened their tumor and had to be sacri®ced. One animal's tumor grew over the German legal limit and was therefore killed 17 weeks after receiving tumor cells. The remaining animal's tumor had a volume of about 17 800 mm 3 for several weeks and was killed 26 weeks after being injected with tumor cells. No overt signs of metastatic disease were detectable in any of the animals. Histologically, the NID tumors contained encapsulated groups of elongated cells that often formed fascicles (Figure 5a ). Similar results were obtained with two additional NID clones. Cells re-isolated from these tumors maintained expression of S100 protein (data not shown), consistent with the cells still being part of the Schwann cell lineage.
To determine the stability of NID cell tumorigenicity, cells from one of the NID tumors were reintroduced into tissue culture under neomycin selection, and after two passages 5610 5 cells were injected subcutaneously into BDX rats as before. The kinetics of tumor growth in these animals was essentially similar to the ®rst experiment, with a latency period of 6 weeks and an average tumor volume of 977 mm 3 +162 mm 3 (s.e.) 11 weeks after tumor cell injection. These data demonstrate that the tumorigenic potential of NID cells is stable and that more aggressive cell lineages were not selected as a result of animal passaging. In these experiments all of the animals eventually opened their tumor before the tumor reached the German legal limit and were sacri®ced. Again, no overt signs of metastatic disease were detectable in any of the animals.
NID cells are metastatic in vivo
Upon autopsy, the lymph nodes draining the primary NID tumor were enlarged in some animals. Such enlargement could result from either slow growing metastatic deposits or infection following self-in¯icted tumor wounding. We found small lymph node metastases in three out of nine animals from the second experiment described above. Unlike the primary tumors, the histologic appearance of these lymph node tumors was a highly disorganized meshwork of cells and matrix (Figure 5b ). These data are consistent with our ®nding that NID cells are invasive in vitro.
The phenotype of NID cells is reversed by inhibitors of Ras and Src
ErbB2 can activate the Ras-MAP kinase cascade through interactions with the adapter proteins Grb2 and Sos (Janes et al., 1994) . Activated ErbB2 can also directly interact with and activate members of the Src family of protein tyrosine kinases (Muthuswamy and Muller, 1995; Luttrell et al., 1994; Muthuswamy et al., 1994) . It is therefore likely that signaling cascades involving Ras and Src are involved in maintaining the phenotype of neu-infected Schwann cells. We tested this notion using either an inhibitor of farnesyl protein transferase (L-739,749) to block cellular Ras activity (Kim et al., 1997b; Prendergast et al., 1994; James et al., 1993) , or herbimycin A to block src activity (Uehara et al., 1989; Fukazawa et al., 1991) . Cells were grown in the presence and absence of either drug for 48 h then assayed for cell proliferation and invasion as described above. We found that both drugs signi®cantly inhibited NID cell [ 3 H]thymidine incorporation ( Figure 6a ) and cell invasion ( Figure  6b ) at concentrations previously shown to block Ras processing (Kim et al., 1997b) and Src kinase activity (Sobko et al., 1998) in Schwann cells. Both drugs inhibited cell invasion to a similar degree, while herbimycin A also inhibited cell motility as indicated by the small number of cells that reached the bottom of the ®lter (Figure 6b ). Herbimycin A was also a more potent inhibitor of cell proliferation, reducing NID [ 3 H]thymidine incorporation by approximately 83% while L-739,749 only blocked NID proliferation by 37%. These data suggest that activated neu promotes cell invasion and proliferation at least in part through Ras-and Src-dependent signaling cascades.
Figure 5 NID cells form metastatic tumors. Tumor tissue from a primary NID tumor (clone 2) (a) and a lymph node secondary tumor (b) were ®xed in 4% paraformaldehyde, embedded in paran, sectioned, then stained with hematoxylin and eosin using standard histological protocols. The general histological appearance of these tumors is similar to that seen in human schwannomas Figure 6 Inhibitors of Src kinase activity and Ras farnesylation inhibit NID cell proliferation and invasion. (a) Cell (NID clone 2) were grown in serum-free medium for 48 h in the presence of 5 mM herbimycin A (Herb A), 10 mM L739,749, or an equivalent volume of vehicle (DMSO) as a control. Cells were pulsed with [ Discussion Immortalization and transformation are two steps in tumor progression that likely require distinct genetic alterations in aected cells. Such alterations could, however, be the consequence of a single event, such as a mutation in an oncogene or tumor suppressor gene. Primary cultures of mouse connective tissue cells, for example, will become immortalized and transformed following retroviral infection with the v-fos oncogene (Jenuwein et al., 1985) . We have demonstrated that constitutive activation of a single oncogene, neu, is sucient to initiate the immortalization and malignant transformation of immature Schwann cells. Schwann cells from embryonic dorsal root ganglia infected with a retrovirus carrying activated neu demonstrated abnormal cell shape and cytoskeletal organization, grew independent of added growth factors, and could be repeatedly passaged without apparent phenotypic alterations. Furthermore, NID cells were invasive in vitro and formed malignant tumors in vivo.
The transformed phenotype of NID cells was reversed by inhibitors of Src and Ras. While herbimycin A and L-739,749 may aect additional signaling molecules, they were used at concentrations previously shown to block Src kinase activity and Ras farnesylation (which is required for Ras to become active), respectively, in Schwann cells (Sobko et al., 1998; Kim et al., 1997b) . Both drugs were eective in reversing the ability of NID cells to invade matrix and to proliferate in the absence of added growth factors. Our ®ndings agree with previous studies indicating that Ras and Src are essential for erbB2 signaling in mammary carcinoma cells (Luttrell et al., 1994; Janes et al., 1994) , and further support the idea that constitutive erbB2 activity is necessary to maintain the transformed phenotype of rat schwannoma cells.
The ability of neu to immortalize and transform Schwann cells may depend on the state of Schwann cell dierentiation at the time the active gene is introduced. While we obtained multiple immortalized clones of neu-infected cells from embryonic DRG, none of the clones from neonatal DRG cells became immortalized. Interestingly, the neurooncogenic eect of ENU in rats is also dependent on the developmental stage at which the drug is administered, with the maximum yield of schwannomas occurring following drug exposure during early postnatal development (Druckrey, 1973; Rajewsky et al., 1977; Perantoni et al., 1987; Nikitin et al., 1991) . It is possible that the levels of endogenous erbB2 or erbB3 dictate whether or not Schwann cells become transformed following exposure to ENU. The developmental window in which ENU exposure results in the maximum yield of malignant schwannomas corresponds with the time of maximum neu gene transcription (Jin et al., 1993) . In contrast to the in vivo studies of ENU-induced schwannomas, our data suggest that transformation by directly introducing activated erbB2 into Schwann cells either does not occur during neonatal development or only occurs with very low frequency. Additional alterations may therefore be required for the transformation of more mature Schwann cell populations. However, our ®ndings clearly show that erbB2 activation is sucient to initiate immature Schwann cell carcinogenesis, and suggest that the developmental state of Schwann cells may determine their susceptibility to tumor-initiating alterations in signal transduction pathways.
Materials and methods
Selection of neu-infected DRG (NID) cell clones
Dorsal root ganglia were aseptically removed from either E16 or P3 BDX or Sprague-Dawley rats. Between 150 ± 200 ganglia were dissociated in trypsin-EDTA for 30 min at 378C, triturated, pelleted by centrifugation at 1000 r.p.m. for 5 min, then resuspended in DMEM+10% heat-inactivated FBS. Cells were plated on 60 mm tissue culture dishes and incubated at 378C in a humidi®ed 5% CO 2 atmosphere. After 2 h, medium was replaced with conditioned medium from the retrovirus producer cell lines NeuINA c-2 or IFNa c-2 (as described by Bradbury et al., 1993) plus 4 mg/ml of polybrene. After 6 h the conditioned medium was replaced with fresh DMEM with serum. Infected cells were cultured for 48 h then treated with 700 mg/ml G418. For neu-infected cells, 20 stable clones were selected, expanded, and tested for the presence of constitutively activated erbB2 by Western blotting, using an anti-phospho-erbB2 antibody (Upstate Biotechnology) as described in the manufacturer's instructions. For cells infected with the INA vector control virus, between 5 ± 10 clones were selected and expanded for each of the experiments described below.
Immunocytochemistry and actin staining
Immunocytochemical labeling of cells with the Schwann cell markers S100 and LNGFR, and actin staining, were performed as previously described (Pelton et al., 1998) . Brie¯y, cells were ®xed with 4% paraformaldhyde in PBS for 20 min at room temperature. For S100 protein, cells were permeabilized by blocking in PBS with 10% normal goat serum and 0.2% Triton X-100 for 30 min. For LNGFR, cells were blocked without detergent. Cells were incubated with S100 antibody (S100b, 1 : 6000, Dako) or LNGFR antibody (217c, 1 : 200, Peng et al., 1982) for 1 h at room temperature. Cells were then washed three times with blocking buer and incubated for 30 min with a 1 : 200 dilution of FITCconjugated-goat-anti-rabbit IgG (for S100) or FITC-conjugated-goat-anti-mouse-IgG (for LNGFR) (Jackson Labs). To visualize actin ®laments cells were permeabilized as described above then incubated with 4 U/ml of BODIPY-phalloidin (Molecular Probes) for 30 min at room temperature. After the ®nal antibody and phalloidin incubations, cells were washed three times with blocking buer then mounted in Fluoromount G (EM Sciences). Cells were viewed and photographed on a Zeiss Axiophot microscope.
Neuron-Schwann cell co-cultures
Dissociated rat E15 DRG were cultured in the presence of anti-mitotic drugs to kill dividing cells as previously described (Kleitman et al., 1991) . Neurons were maintained in DMEM plus 10% human placental serum and 50 ng/ml NGF (Harlan). Approximately 1610 5 vector control Schwann cells or NID cells were seeded with the established neurons. After 2 days, cultures were analysed by microscopy to determine whether the seeded cells preferentially bound to neurites. culture. Labeled cells were washed three times in PBS and solubilized in 200 ml of 0.2 M NaOH as previously described (Sherman et al., 1997) . Mean CPM were then determined in a scintillation counter.
Drug treatments
Cells were treated with 5 mM herbimycin A (Sigma; Sobko et al., 1998) for 16 ± 24 h or with 10 mM L739,749 (Merck; Kim et al., 1997b) for 48 h prior to proliferation and invasion assays.
In vitro invasion assay
Cell invasion was measured as previously described (Hennigan et al., 1994; Lamb et al., 1997) . Brie¯y, 80 ml of growth factor-depleted Matrigel (Becton-Dickinson) diluted 1 : 1 with sterile, ice cold PBS was plated into 6.5 mm diameter, 8 mm pore size transwell ®lter inserts (Costar). Transwells were then incubated at 378C to solidify the Matrigel, inverted, and a 100 ml drop containing 1610 6 cells/ ml was plated on the top of the inverted ®lter. After 1 h, the transwells were placed in 24 well plates with serum free DMEM and incubated for 3 days. Transwells were then rinsed in PBS and incubated in ice cold methanol for 15 min at 7208C, dried, washed with PBS, and stained with 10 mg/ ml propidium iodide for 15 min at room temperature. Stained cells were then washed and analysed using a BioRad MRC-600 laser confocal microscope. Invasion was quanti®ed by measuring the number of propidium ioide labeled nuclei on the top and bottom of the transwell ®lter, and at 10 mm intervals within the Matrigel. For each test condition, data are represented as the means of three microscopic ®elds6three transwells. The percentage of cells at any given optical slice ws determined as the total number of cells observed at that level divided by the total number of cells counted at all levels of a particular microscopic ®eld of the transwell.
Tumorigenicity assay
Eight 12-week-old male BDX rats (from the animal facility at the Institut fuÈ r Genetik, Forschungszentrum Karlsruhe) were injected subcutaneously in the left¯ank with 5610 5 NID cells suspended in 100 ml PBS. Animals were regularly monitored for tumor growth and tumor volume was measured using calipers. When rats became moribund they were sacri®ced and autopsied. Where described, tumor material was aseptically taken and homogenized in PBS using a cell dissociation sieve (Sigma). The resuspended tumor cells were then cultivated in DMEM+10% FBS containing 700 mg/ml G418. Tumor, lymph nodes and lung were also taken and ®xed in 4% buered paraformaldehyde and prepared for histochemistry.
